In this work, the 4-methyl-5-thiazoleethanol (C6H9NSO) molecule was studied by using the experimental spectroscopic techniques (UV-vis in three different solvents and the Fourier transform infrared spectroscopies) and density functional theory calculations. The molecular geometric parameters, vibrational wavenumbers, highoccupied-low-occupied molecular orbitals energies, 1 H and 13 C NMR chemical shift values, molecular electrostatic potential, natural bond orbitals, and nonlinear optical properties of the 4-methyl-5-thiazoleethanol were performed by using the B3LYP, B3LYP-GD3 and HSEH1PBE levels of density functional theory with 6-311++G(d,p) basis set. The spectral results obtained from the quantum chemical calculations of 4-methyl-5-thiazoleethanol are in a good agreement with the experimental results.
Introduction
It is well known that the simplest member of fivemembered N,S-heterocyclic derivatives is the thiazole and its structural potential has the biomedical and pharmacological properties. Therefore, thiazoles and their derivatives have attracted the interest over the last decades since they have the varied biological activities such as antifungal, anti-inflammatory, anti-allergic [1] [2] [3] [4] [5] . On this content, very recently the 2-ethoxythiazole molecule which is the five-membered heterocycle with one nitrogen atom was investigated using spectroscopic and DFT calculation method [6] . As a continuation of the mentioned study, the 4-methyl-5-thiazoleethanol (C 6 H 9 NSO) molecule was found to be worth for the investigation based on the biological properties which lead to the use in drug industry by considering the transition metal complexes of heterocyclic thiazoles [7] [8] [9] [10] [11] [12] [13] . To our knowledge, there are no quantum chemical studies on the title molecule in the literature. On the other hand, even it is lack of experimental data, for a proper IR and UV-vis spectral understanding and a reliable assignment of all vibrational bands, the density functional theory (DFT) calculations have a powerful quantum chemical tool for the determination of the electronic structure of molecules. On the basis of this fact, the B3LYP-GD3 and HSEH1PBE are the most used levels [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In the present work, the experimental Fourier transform infrared (FTIR) and UV-vis (in chloroform, * corresponding author; e-mail: bulentdede@sdu.edu.tr ethanol and N, N -dimethylformamide solvents) spectral results and the molecular geometry, the simulated vibrational and UV-vis (in gas phase and chloroform solvent) spectra, the 1 H and 13 C NMR chemical shift values, the molecular electrostatic potential (MEP), high-occupied-low-occupied molecular orbitals (HOMO-LUMO) and natural bond orbitals (NBO) and nonlinear optical (NLO) properties calculated using DFT/B3LYP, B3LYP-GD3 and HSEH1PBE levels with 6-311++G(d,p) basis set for the 4-methyl-5-thiazoleethanol (C 6 H 9 NSO) compound were reported.
Material and methods

General information
4-Methyl-5-thiazoleethanol (99%, Sigma-Aldrich), chloroform (99%, Merck), ethanol (99.9%, Merck) and N, N -dimethylformamide (99.8%, Merck) used in this study were obtained from commercial sources and were used without any purification. IR spectrum of the 4-methyl-5-thiazoleethanol was recorded on a Schimadzu IR Prestige-21 FTIR Spectrometer at room temperature with a resolution of 4 cm −1 in the transmission mode.
The prepared sample was compressed into self-supporting pellet and introduced into an IR cell equipped with KBr window. The ultraviolet visible spectrum of the title compound was recorded by using a PG Instrument T80+ ultraviolet spectrophotometer at room temperature. The ultraviolet visible spectra of the mentioned compound solved in chloroform, ethanol and N, N -dimethylformamide solvents were verified with spectral bandwidth 2 nm and quartz cell 1 cm.
Computational details
In this work, all calculations and visualizations were carried out with the Gaussian 09 and GaussView 5 molecular visualization program package on personal computer, respectively [23, 24] . The molecular structure and vibrational computations of 4-methyl-5-thiazoleethanol molecule in ground state were calculated by using DFT/B3LYP, B3LYP-GD3 and HSEH1PBE methods with 6-311++G(d,p) basis set. The wave number values calculated in DFT method contain the systematic errors which come from the negligence of anharmonicity. Besides, these parameters were performed in gas phase of isolated molecule while the experimental measurements were taken in solid phase for the title molecule, and so those are obtained bigger than the observed wave numbers [25] . Therefore, the computed vibrational wave numbers were scaled as 0.961 for frequencies higher than 800 cm −1 and 1.001 for frequencies less than 800 cm
at the B3LYP and HSEH1PBE/6-311++G(d,p) levels [26, 27] . On the other hand, the assignments of fundamental vibrational modes of the title molecule were verified by using VEDA 4 program on the basis of the potential energy distribution (PED) analysis [28] . NMR calculations were performed in gas phase and chloroform solvent (ε = 4.7113) by using the conductorlike polarizable continuum method (CPCM).
1 H and 13 C NMR chemical shifts were calculated by employing the gauge-invariant atomic orbital method (GIAO) [29] [30] [31] [32] [33] [34] .
The calculations of the electronic absorption maximum wavelengths (λ max ) in both gas phase and chloroform solvent were verified by using the time dependent DFT (TD-DFT) method at the B3LYP, B3LYP-GD3 and HSEH1BPE/6-311++G(d,p) levels [35, 36] . Furthermore, the NBO and NLO parameters, HOMO and LUMO analysis and molecular electrostatic potential (MEP) of the title compound were calculated at the B3LYP/6-311++G(d,p) level and their 3D plots were performed at the mentioned levels in GaussView 5 program.
Results and discussion
Molecular geometry
The optimized molecular geometry of the title compound obtained at the B3LYP/6-311++G(d,p) level is given in Fig. 1 . The bond lengths, bond angles and dihedral angles calculated at the B3LYP (abbr. BB), B3LYP-GD3 (abbr. BG) and HSEH1BPE/6-311++G(d,p) (abbr. HG) levels were presented in Table I . There is no investigation on the crystallographic structure of the title molecule according to our best knowledge.
In Table I , a comparison among the values of the bond lengths, bond angles and dihedral angles for the title compound calculated at the B3LYP, B3LYP-GD3 and HSEH1BPE/6-311++G(d,p) levels shows that the results obtained from the computations are obviously in a good agreement with each other. By considering Fig. 1 and Table I , the calculated values at the B3LYP-GD3/HSEH1BPE/6-311++G(d,p) levels for the double C1 = N6 and the single C2-N6 bond lengths in the thiazole ring of the title molecule were found as 1.295/1.293 Å and 1.382/1.374 Å, respectively. These bond lengths of a molecule similar to the structure of the 4-methyl-5-thiazoleethanol were experimentally found to be 1.305 Å and 1.389 Å, respectively [37] . Likewise, the calculated C1-S4 and C3-S4 bond length valued at the mentioned levels were found as 1.743/1.727 Å which were very close to the experimental results (1.725 Å and 1.734 Å), respectively [37] . On the other hand, the C14-O17 and O17-H18 bond lengths at the end of aliphatic chain of the title molecule were calculated as 1.424/1.412 Å and 1.963/1.960 Å (with B3LYP-GD3 and HSEH1BPE/6-311++G(d,p) levels), respectively.
As for the bond angles of the 4-methyl-5-thiazoleethanol compound, the calculated S4-C1-N6, S4-C1-H5, C2-C3-S4, C3-C2-N6 and H5-C1-N6 bond angles at the mentioned levels in thiazole ring were found as 114. 928 [6] .
However, the C1-S4-C3 bond angle in thiazole ring was calculated as 88.943/89.290
• (with the mentioned levels). Moreover, the C14-O17-H18 and H15-C14-O17 bond angles in the chain part of the title compound were calculated as 108.958/108.782
• and 105.874/105.981
• at the mentioned levels, respectively.
Moreover, according to the changing plane of the molecular structure geometry, the largest and most smallest dihedral angle values calculated at the B3LYP-GD3 and HSEH1BPE/6-311++G(d,p) levels were found as -179.519/-179.638
• for H5-C1-S4-C3 and 0.120/0.029
and N6-C2-C3-S4 dihedral angles in the thiazole ring were calculated as 0.120
.823
• and 0.612
• . From these calculated angles, the thiazole ring was found to be planar. Furthermore C7-C2-C3-C11 dihedral angle was calculated as -3.101
• which indicated that the planarity was preserved along with the first atoms attached to the thiazole ring. But with the C14 and O17 atoms, the planarity of the molecule was distorted and the entire 4-methyl-5-thiazoleethanol molecule was not a planar structure. As a result, the other calculated geometric parameters of title compound in Table I were also in a good agreement with each other.
Vibrational frequencies
The 4-methyl-5-thiazoleethanol molecule including 18 atoms has 48 fundamental vibrations. The experimental and simulated IR spectra at the DFT/B3LYP and HSEH1PBE/6-311++G(d,p) levels of the title molecule in the region 4000-400 cm −1 are shown in Fig. 2 . Likewise, the experimental and computed IR vibrational frequencies and their assignments of the 4-methyl-5-thiazoleethanol molecule by using PED analysis are presented in Table II . The OH vibrational stretching mode of the title molecule was observed at 3402.17 cm −1 as a broad band and its calculated values at the B3LYP-GD3 and HSEH1BPE/6-311++G(d,p) levels were found as 3681.88/3732.89 cm −1 for the title molecule, respectively, as seen in Fig. 2 and Table II [38] [39] [40] [41] [42] [43] .
The symmetric C-H stretching bands in the ring of title molecule were observed at 3076.46 cm −1 , and the same modes for the methyl and methylene were observed at 2945.30 and 2922.16 cm −1 , respectively, while the asymmetric C-H stretching mode was observed at 2868.15 cm −1 [39] [40] [41] [42] [43] . According to PED analysis, these O-H and C-H stretching bands are highly pure modes by varying the interval 100%-83% PED contributions. As seen in Table II , the calculated wave numbers for C-H stretching bands of title molecule at the B3LYP/6-311++G(d,p) level were in a very good agreement with the observed values. a The calculated vibrational frequencies of 4-methyl-5-thiazoleethanol were scaled as 0.961 for frequencies higher than 800 cm −1 and as 1.001 for frequencies lower than 800 cm −1 at the B3LYP and HSEH1PBE/6-311++G(d,p) levels. The C-C skeletal vibration of the thiazole ring was observed at 1541.12 cm −1 as seen in Fig. 2 Fig. 2 can be assigned to the C-N stretching mode mixed with the other vibration modes. As seen in Table II [34] [35] [36] [37] [38] [39] . Likewise, the strong peak observed at 1053.13 cm −1 can be assigned to the C-O stretching mode of the title compound, calculated values at the B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels were found as 1044.97/1057.87 cm −1 , respectively. Similarly, the middle peak observed at 1379.10 cm −1 can be attributed to the H-C-H in-plane bending mode of the title molecule and its calculated values at both level were found as 1325.23/1329.01 cm −1 . The other vibrational peaks seen in Fig. 2 can be interpreted by considering the assignments given in Table II [39] [40] [41] [42] [43] .
NMR analysis
It is well known that the isotropic chemical shift analysis in the NMR (nuclear magnetic resonance) spectroscopy provides the reliable magnetic properties which satisfy the accurate predictions of molecular geometries and specific NMR signals can be identified and assigned to each hydrogen (and/or carbon, nitrogen) in the molecule [44, 45] . In the framework of the explanations in the computational details section, the 1 H and 13 C NMR chemical shift values of the 4-methyl-5-thiazoleethanol molecule calculated at the B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels in gas and chloroform solvent are given with the order from the largest to the lowest values (see Table III Table III . Likewise, the calculated highest chemical shift value in chloroform solvent for H5 in thiazole ring was found to be 8.55/9.22 ppm. However, the H18 proton which is bounded to the O atom with high electronegativity of the title molecule has the calculated lowest chemical shift value as 0.85/1.36 ppm.
The calculated 1 H and 13 C NMR chemical shift values of the 4-methyl-5-thiazoleethanol were in good agreement with the values of the similar compound in the literature [46] .
UV-vis absorption and FMOs analysis
The experimental electronic absorption spectra of the 4-methyl-5-thiazoleethanol molecule were recorded in ethanol (EtOH), chloroform (CHCl 3 ) and N, Ndimethylformamide (DMF) solvents. The observed maximum absorption wavelengths (λ max ) were recorded at 240, 262, and 321 nm for EtOH solvent, 260 nm for CHCl 3 solvent and 273 nm and 328 nm for DMF solvent at the room temperature. The simulated UV-vis spectra of the title molecule in the gas phase and chloroform solvent were calculated by using TD-DFT/B3LYP, TD-DFT/B3LYP and TD-DFT/HSEH1PBE methods with 6-311++G(d,p) basis set. The experimental and simulated spectra of the 4-methyl-5-thiazoleethanol molecule at the mentioned levels are shown in Fig. 3 . Furthermore, the experimental (in chloroform solvent) and the calculated λ max , excitation energies and oscillator strengths in gas phase and chloroform solvent at both level are listed in Table IV .
TABLE IV
The theoretical parameters of the electronic transitions and the oscillator strengths (OS) in 4-methyl-5-thiazoleethanol for B3LYP, B3LYP-GD3 and HSEH1PBE/6-311++G(d,p). The experimental value of λ for transition n → π* in chloroform solvent is 260 nm.
Chloroform
Gas The calculated λ max values in CHCl 3 solvent were found as 241.27/235.88 nm, at the B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels, respectively. Therefore, the observed and calculated absorption bands can be attributed to the n → π* transitions for the title molecule [47] .
On the other hand, it can be easily stated that the highest occupied molecular orbital (HOMO) implies the outermost orbital filled by electrons and is directly related to the ionization potential and behaves as an electron donor, while the lowest unoccupied molecular orbital (LUMO) means the first empty innermost orbital unfilled by electron and is directly related to the electron affinity and behaves as an electron acceptor. The formed energy gap between HOMO and LUMO called the frontier molecule orbitals (FMOs) indicates the molecular chemi-cal stability. To determine the molecular electrical transport properties of compounds the formed energy gap can be a critical parameter. Moreover, the molecular properties such as the chemical reactivity, kinetic stability, polarizability, chemical hardness and softness, aromaticity and electronegativity can be determined by using this energy gap [48, 49] .
In the result of our calculation, the 3D plots of HOMO-LUMO for the title molecule obtained at the B3LYP/6-311++G(d,p) level is presented in Fig. 4 . Therefore, the energy gap between HOMO and LUMO was found as 5.674 eV. By considering Table IV, we can state that this value is in a good agreement with the calculated energy value of 5.396 eV at the B3LYP/6-311++G(d,p) level in chloroform solvent and it corresponds to the n → π* transition in UV-vis spectrum of the 4-methyl-5-thiazoleethanol molecule.
Molecular electrostatic potential
For the understanding of the molecular interactions in a given molecule, the molecular electrostatic potential (MEP) is a crucial tool. Furthermore, the relative reactivity sites for electrophilic and nucleophilic attack, hydrogen bonding interactions, studies of zeolite, molecular cluster and crystal behaviour, investigation of biological recognition and the correlation and prediction of a wide range of macroscopic properties can be interpreted by considering the molecular electrostatic potential [48, 49] . The 3D plot of the MEP for the 4-methyl-5-thiazoleethanol molecule is exhibited in Fig. 5 obtained at the B3LYP/6-311G++(d,p) level. As seen in Fig. 5 , the electrostatic potentials at the surface of the mentioned molecule are shown by different colours. The red colour parts indicate the regions of negative electrostatic potential, the blue sites represent the regions of positive electrostatic potential and the parts with green colour represent the regions of zero potential. Furthermore, the negative regions (red colour) of MEP are related to electrophilic reactivity and the positive ones (blue colour) are related to nucleophilic reactivity. The order for the potential increment can be considered as red < orange < yellow < green < blue. Therefore, the negative regions of MEP surface given in Fig. 5 for the title molecule were localized on the N6 atom in thiazole ring and O17 atom in chain indicating possible sites for electrophilic reactivity due to their electronegative property, while the positive regions of MEP surface were also localized on the protons in title molecule.
NBO analysis
The natural bond (NBO) analysis stresses the role of intermolecular orbital interaction in the chemical complex and is also a useful and efficient method to grasp the intra-and inter-molecular bondings and interactions among bonds and to study the hyperconjugation interactions or charge transfers (ICT) in molecular systems. In other words, the population analysis can be performed by using the NBO method. This is carried out by considering all possible interactions between the Lewis type (bonding or lone pair) filled orbitals and non-Lewis type (antibonding or Rydberg) vacancy orbitals which are a measure of the intra-and inter-molecular delocalization or hyperconjugation. In this framework, the large E(2) value shows the intensive interaction between electrondonors and electron-acceptors, and greater the extent of conjugation of the whole system. To emphasize the intraand inter-molecular interactions, the stabilization energies of the title molecule have been investigated by using second-order perturbation theory. For each donor NBO (i) and acceptor NBO (j), the stabilization energy E(2) associated with electron delocalization between donor and acceptor is estimated as [50, 51] :
where q i is the donor orbital occupancy, ε i and ε j are diagonal elements (orbital energies), and F ij is the offdiagonal NBO Fock matrix element. The obtained results of the 4-methyl-5-thiazoleethanol molecule by using the second-order perturbation theory analysis of the Fock matrix at the B3LYP, B3LYP-GD-3 and HSEH1PBE/6-311++G(d,p) levels are presented in Table V . As seen in Table V , the stabilization energy values greater than 4.13 kcal mol −1 of the title molecule are given. Therefore, the strongest first three intramolecular hyperconjugation interactions or intramolecular charge transfers (ICT) were found between π * antibonding electrons of the double C1-N6 bond and the C2-C3 bond in thiazole ring, the lone pair n electrons of S4 atom and both the C1-N6 and C2-C3 bonds, respectively, by considering the stabilization energy values calculated at the B3LYP, B3LYP-GD-3 and HSEH1PBE/6-311++G(d,p) levels. Similarly, the strong interactions for the 4-methyl-5-thiazoleethanol molecule were also obtained as π(C1-N6) → π*(C2-C3) and n(N 6 ) → σ*(C 1 -S 4 ) (in Table V) .
TABLE V Second-order perturbation theory analysis of the Fock matrix in NBO basic corresponding to the intramolecular bonds of the 4-methyl-5-thiazoleethanol calculated at the B3LYP, B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels. ED -electron density. 
Nonlinear optical properties
The magnitudes of total static dipole moment m, the mean polarizability α , the anisotropy of the polarizability ∆α and the mean first hyperpolarizability β of the 4-methyl-5-thiazoleethanol molecule calculated at the B3LYP, B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels were presented in Table VI . The units for µ in debye, α and ∆α in 10 −24 esu and β in 10 −30 esu were reported. In this study, we present the values of the µ, α , ∆α and β as defined [52] . An important key factor for NLO properties of molecular system is the first hyperpolarizability value (β). For this factor, urea is one of the important compounds used in the investigation of nonlinear optical properties of molecules. Therefore, urea is often used as a threshold value in comparative studies. The β value for urea by using the B3LYP/6-311++G(d,p) level was found as 0.13× 10 −30 esu [53] . In our results, the β values calculated at the B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels for the 4-methyl-5-thiazoleethanol molecule, were found as 2.41 × 10 −30 esu and 2.22 × 10 −30 esu (in Table VI ). By comparing these two values it can be stated that β value of the 4-methyl-5-thiazoleethanol molecule is approximately 18.54 and 17.08 times greater than that of the urea at the B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels, respectively. These calculated values indicate that the molecule is a good candidate as nonlinear optical material.
Conclusion
In the present study, for the 4-methyl-5-thiazoleethanol molecule which has pharmacological and biologic activities, the experimental FTIR and UV-vis (in ethanol, chloroform, and N, N -dimethylformamide solvents) spectra and the analysis of molecular structure and spectroscopic parameters by using quantum chemical computations at the B3LYP, B3LYP-GD3 and HSEH1PBE/6-311G(d,p) levels have been successfully verified.
In addition, the vibration frequency and UV-vis data of the 4-methyl-5-thiazoleethanol from the experiments were compared with the values obtained from the two methods of the theory using the basis set of 6-311++G(d,p). In terms of the vibrational frequencies it can be stated that the B3LYP method mostly gives better results. The band observed at 260 nm in the experimental UV-vis spectrum of the title molecule was calculated as 241.27 and 235.88 nm in B3LYP-GD3 and HSEH1PBE/6-311++G(d,p) levels in chloroform solvent, respectively. These values show the high energy ICT transition (n → π* transitions) in the title compound. According to NBO results, the high stabilization energy of the title compound is arised from the n electrons localized on the N6 atom in thiazole ring and O17 atom in chain indicating possible sites. In comparison with urea β value, the 4-methyl-5-thiazoleethanol molecule can be candidate for second-order NLO material. Finally, we think that spectral and quantum chemical calculation studies performed by using 4-methyl-5-thiazoletanol molecule will be attractive for researchers working in physical, biological, and pharmacological areas.
